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SUMMARY

“~DA reviev has-been made of the basic shock tube along with the
various modificetions required to produce hypersonic flow of short
duration. Modifications to the driver system include multiple
diaphragms, area disc;.on‘cinuities at the dlaphragm station and
combustion drivers. The influence of real gas effects, including
shock vave attenuation, has-been noted for both the production of
strong shocks ( ‘55’3 ) and the creation of hypersonic flov in an
expansion nozzle. Nonreflected, reflected and tailored-interface
type shock tunnels are discusced in-Section 6 along with their
starting problems, resl gas effects and Reynolds number an.d. stag-
nation temperature simulation. Detalled celculations have-been
omitted for simplicity but many figures hairé-been presented which
illustrate the operation of the various shock tube configurations.
Furtzer detalls mey be obtained from the references given. The
edvantages and disadvantages of the various methods of producing

hypersonic {loy are summarized.on the follaring pages.
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s DRIVER SYSTEMS FOR HYPERSONIC SHOCK TUNNELS
Type Advantoges
1. Uniform Tube, 1. Bimplest method
Single Diaphregm
Station
)
Py [
Driver -sje= Driven e
hy>b,
2. Miltiple Diaphrapgm 1, Overall pressure ratio
Stations reduced for e given shock

Mach number or a gain in

. D D
Mg for a given Pj,.
Py b | b . o
e Driver ——t Oriven—= 2. May be combined with
: Py *Pg 3B, buffer gas technique in
order to use cold drivers.
3. Area Discontinuity 1. Overall pressure ratio
at the Diaphragm less than that of (1) for
Stationb same conditions.
1 o 2, May be combined with (2)
Ps ‘A to give an additional gain
, in performance over (2),
Py *P
}'—-ori Ver ———ed Driven —e

%» Combustion Driver - 1. May be used for any of
the ebove methods,

2. Increases both pressure

| He-80% D and intermel energy ratic
"“";.’_‘, ik *——5‘ across diaphragm.

"7:.-'2-;:" 7’:_ 3+ Theoretically, most eff-
[——Driver ——| Driven — icient form of driver

Py 7Py

« 3
.

viii

Disadvantages

1. Large diaphragm
pregssure ratio re-
quired to produce
strong shocks.

1. Added complexity.
Probebly not too prac-
tical when more than
two diephragms are
used,

1. Diaphragm pressure
ratio required is
still relatively high
vhen used with cold
drivers.

2+ Driver section
must be reinforced
due to larger area.

1. Added complexity
of igniting driver gas.

2. May be erratic in
operation-detonation
is a problem.

3. Difficult to ach-
ieve constant volume

burning which is most
efficient combustion

system.

L, Attenuation greater
than cold drivers

5. Driver section must
be reinforced to with-
stand increased press-
ure,
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=

5« Buffer Gas 1. Enebles cold hydrogen 1. Added complexity
' to be used as driver without of introducing a
creating conbustion at the third gas.
contact surface.,
] 2. Two diaphragn
--------- - E— 2. Reduced overall diasphragm stations required.
A | _ P | P pressure ratio for same shock

Mach number or incrcased Mg
for same overall Pij.

Fbrinr +av frers }- Driven —e
. Py>Pnp, 3. Combined with (3) to
give performance equal to
(%),
4. Attenuation problem
alleviated,

5« Extends renge of tailored
interface method for cold
hydrogen driver to Mg = 15.

g >
-

e
"*.w'h ;
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l. Simple Shock Tube
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IIYPERSONIC TEST FACILITIES

2. Divergent Expansion

Nozzle - Non-reflected

Method

V{1

|
+ ! I
|
!
I
[
i

s

|
{
{
|
__l
c.:/ |

A

] c -
' %G S
- Drivan Nosviede-Tox? Sect

3¢+ Reflected Method

!
J"En'é"ﬁ

-Driver ~st—Driven

o

Adventages
1. Simplest method.

2. Simulate Re and temp-
exaturce without any modif-
ications.

1. Larger models.

2. Increase in test Mach
number for same- shock Mach
number.

3. May be added at exit of
type 1 without modifying ex~
isting structure,

1. Large models,

2. Higher test Mach nunber
for same Mg than types 1 and 2.

3. Attenuation problem only
affects production of reservoir
conditions s0 smaller dismeter
tube may be used.

b, Slipghtly longer test time
thon types 1L and 2 for some

test Mach nunber.

b4

Disadvantages

1. Moximun Mach
number in test region
is aproximately
three.

2. A long tube is
needed to obtain e
reasonsble test time,

3. Attenuation pro-
blems. .

Lk, Relatively small
models.

1. Mderate Re sim-
ulation.

2, Attenuation still
& problem.

3. Tube must be as
long as type l.

4, Running time only
slightly longer than
type 1.

5. Starting problems
may require the add-
ition of a plenum
chamber.

6. Two step nozzle
may be required for
hypersonic Mach
numbers.

1. Low Re simulation

2. Tube still rela-
tively long.

3. For same shock
Mach number test time
reduced due to refl-
ected shock interact-
ing with the contact
suxface.

o
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Type
3. (contd.)

4, Tailored-Interface 1.

Advantages

5. Starting pressure ratio

less than type 2

Large Model.

Method - Unsteady

Modification

D

*

DK
L]
DR, C 5°
}»DrNer~L‘-Driv¢n ——.L-Nou/e

2. Bame test Mach number

range as tiype three,

greater than type 2.

reduced.

5. Attenuation less due to

shorter channel.,

5. Tailored-Interface 1.

Method -~ Steady
Modification

1)

‘ M ..
R c
I‘Drivor -'I'- Driven _;fm’ /e

+

that of type 2.

2, Other advanteges as sbove,

]

Test
Time

xi

3. Test times nearly 8 times

4, Channel length may be

Test times are 25 times

Repars No. ZR 658-050

Disadvantages

4, Stagnation tenmp-
erature mey be high
enough to cause for-
mation of nitric
oxide which may be
frozen by expansion.

1. Tow Re as for
type 3.

2. Rumning times
are lorig enough to
cause werosion st
nozzle throat.

3. Rediationh losses
mey be important.

4k, Driver gas must
be heated at higher
Mach nunbers in oxr-
der to achieve
teiloring (see also
Page -1V} -type 5.)

5. Longer driver
section,must be long-
er than for type 3.

6., Driven section
must withstand high-
er pressure than
types 2 and 3.

1. Nozzle at dia-

phragm station must
be changed for each
test Mach nunmber.

2. Diaphragm press-
ure ratio is higher
than type 4.

3+ Other disadvan-
tages as above.
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Y. INTRODUCTION

2.

Duxring the past five ycaré the shock tube, and its various develop~
ments,have achieved prominence as & device for the study of hypersonic
flow. This epparatus has an advantage over the wind tunnel in that
both Mach nunber and temperature can be simulated. There is & dised-
vantege in that totel testing times exre very short, of the order of
one millisecond, so that special instrumentation techniques are required
for the measurement of the flow quantities. However, methods have been
developed for physicel measurements in the short time available and quite
acceptable results have been obtained.,

It is the purpose of this report to outline some of the more recent
developments of the shock tube prineciple. As these developments are only
modifications, a brief resume of the theory arnd operation of the simple
shock tube will also be presented. A more historical introduction is to
be found in Refs. 1, and 2 which contain meny references to earlier
research in this field. A review of more recent advances is given by

Hertzberg (Ref. 3) ond Glass end Hall (Ref. ).

THE SIMPLE SHOCK TUBE

The simple shock tube consists of a straight tube of uniform cross-
section separated by a thin diaphragm which divides the tube into two
compertments and enables a pressure ratio to be created between them,
One compartment is Imowm as the high pressure chamber, or driver section,
the other, the low pressurc chinnel, or driven scction. Usuelly the

driver section is prescuriced vhile the driven section may be either
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P

evacuated or at atmospheric pressure. The gases in both sections are

12 a0

normally in thermal cquilibritgn. Upon rupturing the diaphragm the

T

—

wave system shown in Fig. 1 is established.,

Theoretically, upon removel of the diaphragm, a shock wave is
propagated into the low pressure section and the high pressure gas
: expands into the driven section by means of a rarefaction wave cen-

4 tered at the origin. This is not quite true in practice as the

rarefaction wave is not centered at the origin and the shock wave
takes a finite time to form from a series of compression waves created

vhen the diaphragm is removed. However, these deviations from the

ideal theory are not tooc important for practical purposes and after
the shock has formed it is considered to travel at a constant velocity.

The gas in the driven section is compressed and heated by“the

shock wave while the driver gas 18 expanded and cooled by the rarefaction
wave. Thus two bodles of ges exist in the shock tube yhich are drought
to thne same pressure and have the same particle velocity but due to
different formative processes their temperature, density and entropy

: are different. These two states are separated by an intexrface or

] !
contect surface which in practice is more of & region rather then a

plane surface. This contact surface, or contact front as it is called
’ by some authors, travels at the particle velocity. Therefore, behind

the shock there is a region of steady flow at a high pressure and

temperature while behind the contact surface the flow is again stesdy

with the seme pressure but at a lower temperature. Due to the steady
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nature of these states many attempts have been made to utilize them
for aerodynamic testing. The .particle velocities are identical in
each state but due to the lewer temperature in (3) the Mach number
'(M3) is higher than in {2). However, state (2) is more adaptable to
hypersonic testing due to temperature requirements and in practice
is found to be rmuch more uniform thaen region (3). (5) (6) (7) The
testing time 1s determined by the length of the driver and driven
sections, the gas combination used and the strength of the .initial
shock wave. (@) If the shock tube is too short the flow will be
terminated very quickly by reflected waves from the closed ends.
For an infinitely long tube the test time at a station, X 1s the
interval between the arrivel of the initial shock wave and the
passing of the contact surface. Ther'efore » for strong shocks, where
the contact surface velocity is high, the test section should be as
far as possible from the diephragm station. The total lengths of
the driver and driven sections must be chosen so that the reflected
shock and rarefaction waves do not return before the arrival of the
contact surface., The ideal lengths will be such that the reflected

shock and rarefaction mee{'. the contact surface at the test section.

3. BASIC SHOCK TUBE EQUATIONS

The states on each side of the rarefaction are related by the
isentropic relationslfips vhile the normel shock relationships are

employcd for the transition across the shock front. These two solutions
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can be matched at the contact surface and the physical properties of
the complete shock tube flow determined., This procudure leads to the

following identity which is the basic equation for the shock tube.

L
Pame L {i=(pP — !‘9454 bs
, R ! (:u ') 1)+

Equation (3:1) indicates that the shock pressure ratio (P ) 1s a
function of the disphrogm pressure ratio (P ), the internal energy
ratio (Ell&) and the specific heat ratic of the driver and driven
gases ( ¥yand ¥, ). The requirements for producing strong shock
vaves, which are necessary in order to achieve temperatures suiteble
for hypersonic simulation, may be better examined by ellowing the
diaphragm pressure ratio,(P;,) to equa:‘l. zero in the above equation.
This gives the following:

(le)a‘,o = [+ =

+
264E.4 \/5 6 Ei (2 5454

Upon exsmination of this equation it is found thet two methods present
themselves for the production of strong shock wuves in & simple shock
tube, The diaphragm pressure ratio,(P,;) can be made very large or

the energy ratic across the diephragm,(B;).) cen be made very small, or
both. The energy ratio may be reduced by heating the driver and cool-
ing the driveﬁ gases, but a more common metiod is to use a light driver

gas and a heavy driven gas. The aerodynamicist usually likes to use

L

(3:1)

(3:2)
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air 88 a test gas,with possibly nitrogen as a second choice,with helium
or hydrogen drivers. Flgure 2 gives the disphragm pressure ratio re-
quired for a range of shock pressure ratios for the combination Alr/Mr,
He/Alr, end Hy/Air for the simple shock tube case while Fig. 3 presents
the variation of shock wave Mach number,(M;) and particle velocity, (Uy)
with diaphragm pressure ratio,(Phl) for the three gas combinations.

It can be seen from these two fiéures that & great advantage is
gained by the use of helium or hydrogen as a driver gas. The internal
energy ratio can also be reduced by heating the driver gas either by
electrical heating or by the ignition of conmbustible mixtures which
give high velues of T, The combustible mixture is usually a stoichio-
metric mixture of hydrogen and oxygen di1u1.:.ed with excess hydrogen or
helium.(a) This method has seen widespread use for the production of
strong shock waves in shock tubes. Another method used in gun tunnel
versions of the shock tube 18 to compress the driver gas by a piston
driven by an explosive process, usually the ignition of a powder charge.
This compression raises the pressure and temperature to a predetermined
level governed by the strength of the disphrogm which then bursts
initiating the flow.

Having estsblished Eq. (3:1) all the other flow quantities can be
determined. The most useful equations are listed below in nondimension-
al notation. (2)
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% } (,. 1. Density ratios
ii " %4 .
N 4= B = [A R (3:3)
.
B
[20 = 1+euR, (3:4)
o +
E 2. Speed of sowad and temperature ratio
: % 4 &
&' A34 = 7;4 = P34 = P“ PZI (3:5)
A % 1
E : An= ki = | AR (3:6)
F I+t
g i 3. Velocity of the shock wave .
A

A [p, (1+o, F;,S_l 2 (3:7)
3 L, Particle velocity or contact surface velocity
" Uni _ Fa =1 (3:8)
] - 1
‘;: i X [51 (ol’ 2'1
% 3

Usg = _1_ (PMPI) (3:9)

Y by
5. Local Mach numbers
N
Ms. Uy _ I [ (PR) -1 (3:10)
Azq 64
, - (3:11)
My = Uy = i Tl

':4;7 %) [B,P, ("(/*Pz/)] 2

6
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6. Speed of the head and tail of the rarefaction wave

C34= Usq— Asq (3:12)

The head of the raiciaction wave travels et the velocity of sound of
the driver gas.

It i8 of interest to examine the limits of these equationa for an
infinite value of the diaphragm pressure ratio. Table I is a compari~
son of three different driver gases, air, helium, and hydrogen in com-
bination with air as a driver gas. Table I indicates more then a ten-
fold increase in shock strength when hydrogen, rather then sir, is used
as g driver gas. This same increase is obtained in the temperature
echieved in the region behind the ahocic, however, the Mach number in
the steady state region (2) is limited by this temperature increase,
and even for the ultimate case, where P,) and F,) are both zero, the
limiting Mach number (My) 1s only 1.89. Thus Teble I illustrates that
although high temperatures may be achieved this Mach number restriction
prevents true hypersonic simulation in a simple shock tube. The results
shown in Table I are based on perfect gas theory (i.e. ¥ = 1.4) which

does not hold for the extreme shock pressure ratios calculated.

VODIFICATION OF THE SIMPLE SHOCK TUBE FOR THE PRODUCTION OF STRONG SHOCK WAVES

L,1 INTRODUCTION
It is possible to improve the performence of the simple shock tube

by suiteble modifications. These modifications include the installation

7
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or additionsl diaphregm stations and driver scctions whose cross-sectional
arca is greater than the drivén section.(g) (10) (11) The former method is
a device which sac:i fices pressure ratlo in favor of an increased temp-
.erature ratio. The latter creotes an additional expension at the diophrapgm
station which converts thermsl energy into kinetic energy. Therefore,

in both cases, it is possible to produce the same shock strength as a
uniform tube but with a smaller diaphragm pressure ratio, or conversely,

to produce a stronger shock for the same diaphragm pressure ratio.

Another method, which increases the temperature ratio across the dia-
phragm, is to use a combustible mixture as o driver gas. Rather then

use combustible mixtures it is sometimes more satisfactory to use either
cold helium or hydrogen as a driver, as mentioned in Section (3). A
further modificetion of this technique has been to introduce an inert.
bui:fer gas between the hydrogen driver and the air test gas with an

are-'a discontinuity at the buffer-eir diaphragm sta‘cion.(la) (13 )

These
methods will now be exemined in more deteil.

4,2 MULTIPLE DIAPHRAGM SHOCK TUBES

Figure 4 15 a sketch,of a shock tube of constant area utilizing
tvwo diaphragms. Dl , 1s the primary diaphragm which is ruptured first
producing the shock SG’ This shoclg vave 1s reflected at diaphrapm

D2 bringing the gas in state 5 to rest and raising its temperature

end. pressure. After a short delay, diaphragm Dy is removed and a

new veve system i3 produced resulting in the shoeck wave Sl vhich 1s of

greater strength thon the shock, Sg. Comparing Mig. 1 and Fig. 4 for °

the same overell tcmpcrattfrc snd pressure, and with Ty =T¢=Tg, % 1= f6=“o'

8"
‘3

8
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will give an idea of the increase in shock strength for the double
diaphrogm case. As the gas is brought to rest ahead of D2 the pressure
and tenperature ratios of interest in both cases are Py, and Tltl’
However, P, d< Pl‘s while T) d>Tl*s which gives a shock of greater
strength than the system showm in Fig. 1. As an example of the gain
to be cxpected by the addition of diaphragm D2 consider the case where
the overall pressure ratios, P)y (Fig. 1) end Pg, (Fig. 4) are both
equal. to 103, Then from the Ar/Mr curve of Fig. 3, Mg=3.1%. For the
cage shown in Fig. 4 let Pgy=10 vhich means P86=102. The initial
shock wave Mach number,Mgg will be found using Fig. 3 and is 2.37.

The final overall pressure ratio will be Phl = Ph6 X Pgy e The value
of Pyg 1s obtained from interpolation of Table III in Ref. (9)

(Pyg = 25;85)uwh11e Tyg = 3+236. Havi:ng determined these new initial
conditions, the final shock Mach number,MS (=3.77) cen be obtained by
interpolation from Table I Ref. (9). It is seen that a gain of 20%

in shock Mach nunber is obtained by the a.é.dition of the diaphragn,Ds,
The intermediate pressure, 1’6 can be adjusted so as to give a maximm
chock Mach number for a given overell pressure retio, Pgy.

The above method may be somewhat simplified by making D2 week enough
that the initial shock wave,Mss will rupture it on contact. This produces
on unsteady expansion from state 6 to state 1 resulting in a less efficient
process than the reflected shock type described sbove, but reducing the
complexity of the system caused by the introduction of a mechanical or

electrical delay. The wave diagrem for this type of shock tube 1is shown

I . S 1
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in Fig. 5. The onalysis for this case is carried out in Rel’.
Carrying out the same calculation for the same conditions as used for
the example of the reflected shock type of double dlaphragm shock tube
glves a final Mach number, MSL of 3.73 vhich is only & decrease of app-
roximately one percent. This variation wonld be larger at higher Mach
nurbers but the percentage decrease would probably never be large enough
to warrant adopting the delay type instellation for a straight shock tube.
Ref. 9 indicates that for the maximumm gain in My the pressure must
be approximetely the geometric mean of the pressures on either side.
Then for a multiple diaphragm shock tube the oversll pressure ratio is
given by Pgy = Pln, where Py is the individual pressure ratio across
each diaphragm and n is the number of diaphragms. It can be shown
(Ref. 9) that there is a meximum shock Mech number attainsble irres-
pective of the number of diaphragms used and depending only on the
oversll pressure ratio, across the shock tube. This relationship is
Mg Max. = Po /14 and Table II gives the velues of M Mex. attainsble
over a ronge of rezsoncble overall pressure ratios for the conditions
of equal ¥ and T throughout. It is also shown in Ref. 9 that a multiple
diephragm system, vhere all thg ‘ddephragms except the first huave zexo
pressure difference across them, is another method for creating strong
shock waves. If e shock wave of Mach number greater than 2.67 is
generated by rupturing the first diaphragm then, theoretically, the
nodmm obteineble shock speed increases without limit. In this system

the shock wave rcflecting off esch successive diaphragm will increase

10
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the pressure and temperature ahcad of that diaphragm producing a succ-
essively stronger shock.,

k3 AREA DISCONTINULTIES

As outlined in Seciion 2 the basic shock tube comprises a driver
end driven section of upiform cross-section scparated by a diaphragnm.
However, max;y authors have shown that there is a gein in the final shock
strength by introducing esn area discontinuity at the diaphragm station.
This arrangement may also be combined with the double disphragm method
to glve a further increase in the final shock strength. This latter
method 1is iilustrated in Fig. 6. The area change may also be accom-
plished by a transition section as shown in Fig. T.

In Fig, 6 if disphragn D, is eliminated a single shock system is
set up at Dy, with SS being replaced by a rarefaction wave as in the
case of a wniform tube. If the shock S, is such that M3< 1 then the
wave system will be as shown in Fig. 1, the flow being accelerated
subsonically to M3. However, if M3 >1 the gas in (6) is accelerated to
sonic veloeity at the diaphragm station and is then further expanded by
a rorefaction wave to tlie supersonic Mach nuiber, M3 The addition of
the diaphragm, D, combines the multiple disphragn and varisble geometry
type using a convergent transition section which may or mey not contain
n convergent - dlvergent nozzle. However, the only sdvantage here is a
s.wokiv 1 flow £rom the driver to the Ariven section as the flow processes

are ipe oo vhebher Lhe nxeona chaage is graducl or discontinuous.

kL
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As in the previous section a comparison will be made between the
uniform and the varisble geometry shock tubes by determination of the
final shock Mach number achieved for identicel overall pressure ratios.
M analyticsl expression for such a gain factor is not possible but dby
use of tables and graphs it is possible to determine these values of
M;gJ_ o We will only consider the case of M3l which corresponds to the
range of shock strengbth required for hypersonic testing. Consider first
the case where the diaphragm, D2 is not present and that A3b =A1 is the
minimun section such as shown in Fig. 7. Reference (10) develops the

folloving expression fer the - -erall pressure ratio, Phl'

27, —2h
AL (l' -/) Ya-!
-l - h:3:1
Pz Ry |1+ wst Mg|“L By|1-t2 g mer gam| (32
9 2 I | @ g4 2
where g is an equivalence factor given by
1 2%
Mso | May |17
g —{{2* ()‘4"/) 2 2+ (Yq“') 3} (4:3:2)

2
2+ (%-1) My, 24 (%-1) Mza
As f=.3b is the minimum section, M3‘b will be equal to unity but M3a must

be determined in order to celculate 9. Knowing the area ratio, Ah/Al

then M3a is determined from the following relationship,

% +!

(%l
_ﬁﬂ — Mn 2 +()’4"I)M3: (=)
Al Mg | 2+ (D) M

12
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It is seen from Eqs. (U4:3:2) and (4:3:3) that for a given ares
ratio 9 is a constont when M3 >1l. Therefore knowing the area ratio,

g can be determined and a plot of Phl VSe P2l can be obtained. A
comparison of the shock Mach nunbers attainable for area ratios of 1,
and e 15 presented in Fig. 8. Table 3 is taken from Ref. (10) and
gives the moximum shock Mach numbers when P)y-*e0 for various gas come
binations, four area ratios and two temperature ratio. Both Fig. 8
and Table 3 illustrate thet the gain in shock strength is not too
great even when the area ratio is infinite. Once again, however, the
gain achieved by increasing the sound speed in the driver gas 18 in-
dicated by Teble 3.

As an example of the gain to be expected, through the use of en

area change at the diaphragm, consider the example used previously.

In this instance the area ratio will be 3:1, the diaphragm pressure,

Py = 103 for en Mr/Alr combination with a constent initial temperature
ratio, Thl’ which gives a finel shock Mach number of 3.35.' Combining
the multiple diap};ra@n method (two diaphragms) with the same area
discontinuity and totsl pressure ratio end with Pge (Fig. 6) = 10°
glves Mg = 3.9. This is u; increase of 16 per cent due to the

nddition of D2 to the system, and an increase of nerly 25 per cent

over a simple shock tube with the same Plpl'

The sbove example is for an air driver but we have seen from Fig. 3,
and Tables 1 and 3, that a light ges such as hydrogen or helium is a more
cfficient driver., However, vhen hydrogen is used to produce s;hocks
ce Tmstlion oceurs at the driver-driven interface which sets up severe

3 13
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flow distwitinces. Helium could be substituted as o driver but 1t is
not as efficicent. A method to ellminate thls combustion problem is

g the use of a double-diaphragm shock tube with an inert buffer gas
between the driving hydrogen and the driven air. There is also an
area change incorporated at the disphragm separating the buffer gas

: and the air. TFigure 9 shows the effect of varyling the pressure .and

: molecular weight in various buffer gases for an overall pressure ratio
; of 10);. It 18 seen from the figure that a shock Mach number of approx-
7 imately 15 can be obtained by the use of eny of the inert gases glven
on the figure, however, the lighter gases such as helium require a

large pressure ratio across the downstream diaphragm. Consider as

AT A

an example a shock tube of this type with argon as the buffer gas. In
oxder to produce a shock Mach number of 13 a simple shock tube using
hydrogen as a driver would require a Py of TX th. If a large area
discontinuity is introduced the diephragm pressure ratio is reduced to
3 1.8 X 101‘. When an argon bui‘ferl is introduccd between the driver
hydrogen and driven gas an overall pressure ratio of only 3.5 X 103
is required which is a reduction by a factor of 20. This method seems

to offer very good possibilities of producing strong shock waves using

cold driver gascs.

L. COMBUSTION DRIVERS

A common method of producing strong shock waves is by using a
combustible mixture which is ignited to give kigh pressures end temp-
eraturcs in the driver. A typical composition for a combustible driver
is 13.33 per cent hydrogen G.67 per cent oaqygén and 80 per cent helium
o5 a diluent. The ignition of the hydrogen and oxygen raises the

il
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temperature and pressure of the helium which gives a large increase in

the energy and pressure ratios across the disphregm. Excess hydrogen

has also been used as a diluent. Using this type of driver the diaphragm

is asually burst by the combustion of the mixture. Combustion may be produced
in three ways. A spark plug, or plugs, mey be inserted in the driver

section which is fed by a iigh voltage coil, producing the spark which

causes ignition. A heating wire may ve inserted the length of the high
pressure chamber and a large current passed through it which causes a
constant volume burning. The mixbure may be allowed to ignite itself

by introducing the combustible gases and then adding the diluent until
the diaphragm ruptures, whereupon the hydrogen-oxygen mixture will ignite.
It has been found that the constant volume process is the most efficient.
There is also a practical limit to which the driver gas can be heated due
to molecular dissSociation at the higher temperatures. Figure 10 compares
the theoretical shock Mach numobers ovtained over a range of diaphragm
pressure ratios for helium, hydrogen and combustion drivers. Curves are
presented for both the simple shock tube, (A)/A1=1) and one where Ah/Al=6.250

5. DEVIATIONS FROM IDEAL FIUID TERORY

5.1 REAL GAS EFFECTS

In the previous chavters twe discussions and calcwlations have been
carried out assuming that the specific heat ratio, 75 remeined constant.

However, for shock Mach mumbers greaier than three the temperatures pro- -

duced are high epough to invalidabe this assumpiion and the variations
from an ideal gss must be consicdered. (1) (25) Above Mg = 3 fairly high
temperatures will be achieved in stete (2) and very low tempers bures in

15
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state (3). Tor an My of %.0,with an Air/Mr combination, the temperature
T3.wi'll be 40°K which is below the boiling point of nitrogen and oxygen.
In state (2) the temperature, T, will be over 1200°K on the imsis of
the ideal theory. At these temperatures the specific heat ratio, can
no longer be teken as 1.l and ebove M3 = 3 the gas can no longer be
considered an ideaql fluld and the reel gas effects must be considered.

We are concerned primarily with éta{;e (2) behind the shock, as
this will be oui: test gas, so our discussion will be limited to this
region. The internal energy content of a diatomic ges is made up es
follows:

1) The kinetic energy of translation of a molecule

2) The energy of molecular rotation

3) The energy of molccular vibration

4) The energy of molecular dissociation into atomic groups

5) The energy of electronic excitation

6) The energy of ionization
As the temperature is increesed the higher rotational and vibrational
levels are excited absorbirg heat in the process. This causes an
increase in the heait capacity which in turn increases the specific
heats, Cp and Cy. However, as they both increase about the some
amount then the ratio, ¥ will be smaller. Added to this effect the
gpecific heats, and the molecular weight, become pressure dependent.
fbove 20C0 - 3700°K dissociation occurs giving nitrogen, oxygen and
thrdy atomic states. These temperatures arc elso high enouch to cause

10
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chemical reactions such as the formation of nitric oxides. At still
higher tenperatures (~ 6000°K) electronic cxcitation and ionization
occur and the oitr becomes almost completely dissociated giving atomic
oxypen end nitrogen as before, small perceniages of the various oxldes
of nitrogen, electrouns, negative O2 ions and positive ions of nitric
oxide. These conditions would be the same as those produced at the
stagnation point of an insulated blunt body traveling at Mach number
of 16 at an altitude of 60,000 fect.

The transition through a strong shock wave can be qualitatively
described as follows. At the shock front the temperature jumps to a
high value as ective degrees of freedom, translation and rotation are
excited elmost immediately in the distance of a few mean free paths.
After this initial jump thermal equilibrium will be reached in en
exponentiel menner as energy is transferred to the remaining degrees
of freedom during the relaxation period. Therefore, besides the
variation in the flow nroperiies, come consideration must be given to
the releuasion time to insure thet cquilibriwn conditions exist for
vhe test to be prreiormed.

Figure 11 indicates the veriation of the temperature Té with
shock Mach mumber, M; for two values of the initial pressure. It
is scen that the reol gos temperatures are lower at the higher Mach
nurbers 25 exrected Trom the precceding discussion. Figure 12 cormares
the density ratio for a real and en ideal gas over the same range of

l; a5 used in Fig. 1l. Ilere the real gas density is higher than the
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ideal gas case which approaches a limit of 6 while at Mg = 12 the real

gas density ratio continues tc increase. Due to the increase of density

and decrease of temperature the pressure is found to be very near the
same for the real gas as for the ldeal gas. Thersfore, Equation 3.1
will give a fairly good epproximation for real gas calculations.

The decrease in temperature behind the normal shock in & real gas

is more pronounced than the change in specific heat ratio or the decrease

in molecular weight. Therefore, the specd of sound in a real gas is lower

for the same shock strength than for the ideal case giving a higher

‘attainable Mach number, My behind the shock. This is illustrated in Fig.

13. The maximum value of My for the ideal case is 1.89 put Fig. 13 indi-
cates that an M5>3 can be obtained for e real gas. As the Mach number of the
flow in region (2) is increased while the temperature and speed of sound are
decreased then the particle velod ty must bhe changed very little bythe
real gas effects. This is found to be the case with the real values of
Us being only slightly greater than the ideal value.

The real gas curves shown in Figs. 11, 12 and 13 were computed using

the charts and tables contained in references 18 and 22. The crossover

of the two real gas curves in Fig. 13 is due to the identical behaviour
of the speed of sound ratio with increasing temperature. The ideal gas
curves were computed from Equetions 3.4, 3.6 and 3.13.. References 18 and 22

are two examples of the many excellent sets of tebles and graphs available

for the determination of the flow propexrties behind strong shock waves,(l6"23)

18
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} Pable III indicated thaot there was no aporecioble gain in perfors
| mence by introducing an oreo change at the dlaphrapm station. However,
these calculations were based on the driver gos being ideal, It has
been shown that if the driver gas denslty 1s incrceased to a very high
value then there is a considereble gain in performance by using a large
driver-driven area ratio.(aq) This difference is due to the behaviour
1 of the attractive snd repulsive intermoleculer forces. At normal den-
— sities these forces are negligible and the performance of a wniform and
non-uniform tube are nearly identical.. However, if the driver @ensity
£

is increased to a very high value there 1s o considerable adventage in

increasing the chamber arca as the repulsive forces then predominate.

It was found in Ref. 2% that an area ratio of Tive was nearly equivalent
to an infinite area ratio, while a chamber twice the area of the channel
would give helf the performance promised by the infinite velue for the
case of nitrogen and hydrogen drivers at pressures of 6000 and 2200
atmospheres respectively. It was found that at intermedliate densities
the performonce relative to an ideel gas would be almost the same for
the non-uniform tube and considerably reduced for the uwniform tube,

The test time for identical lengbh chambers is reduced when using high

density drivers due to the increase in sound speed, &) which meons that

the rarefaction vaves reflected from the end at the high pressure section
will travel abt o higher velocity. Increagsing the chamber length would

recover this loss in test btime.
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3 5.2 SHOCK WAVE AVIRHUATION

The ideal shock tube theory preéicts that vhen the diaophragm brecks
a flow will be set up as shown in Fig. 1. According to this theory a
plane shock wave is producced which travels down the tube at a constant
velocity followed by two steady states separated by a contact surface.
In practice however, this model is not realized. (2) Instead the shock

vave velocity is found to decreese with distance from the diaphragm.

In i;act the shock does not reach its calculated speed until a short
distance from the diaphragm due to the formation process. The shock
only attains the ildeal value for weak shocks, for as the diaphrogm press-
ure 1s increased the shock never reaches the theoretically predicted
spced, rising to a maximm some distance from the diaphragm and then
attenuating as it progresses down the tube. This effect is also more
pronounced as the shock tube (iometer is decreased.

Due to this shock attenuation,the flow quentities in states (2)

and (3) are not steady but vary with time as the shock progresses down

the tube thereby making testing in these regions very difficult. The
problem of shock attenuation has received a great deal of attention in

(25 - 28)

the last five years. Many of these investigators have focusscd

their attention on the viscous effects vhich, of course, are not allowed
in the ideal theory. Therc have been studies mode of the bount‘iary

layer both theoretical and experimental to determine the couses of the
attenuation.(29’3o-32) A satisfactory explonation has not been arrived

at although the theorics of Trlmpi and Cohien and Firels and Brown give
cood agreement ot lowcr Mach numbers. Phere Ls probebly some iniluence

oL Lh Ginbaiey chebiey aaaceinlly o Lhe hisher shocek strengths where

.
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netal. diaphragms are vsed and take a finite time to open. This effect
may be instrumental in reducing the velocity Ué which must match Up gt
the contact surface., The crmplete flow can be considered to be gover-
ened by conditions at the contact surface therefore a reduction in the
velocity Up will produce a reduction in the shock speed.

The detailed processes of sttenuation are not too important in the
operation of a shock tunnel but it is desirable to have as little attenuation
as possible so that the flow conditions will be falrly steady during
the test period. Considerable work has been carried out to determine
what initisl conditions will give the least attenuation. (28’33) In
addition to the causes given above it has been generally found that a
greater attenuation is experienced as the sound speed of the driver ges
is increased. Figure 14 shows typical attenuation measurements for
several driver gas compositions. The results for helium give the least
attenuation but this driver gives the lowest initial shock strength.

The combustion driver, which is the most efficient type, produces the
highest inltial shock strength but at L/D of 150 the shock has ettenuated
to a lower speed than the helium driven shock. It 1s necessary in both
straight shock tubes and non-reflected type shock tunnels to have as

long a driver section!as possible in order to have reasonsble test ‘
times. The attcnuation could be alleviated by increasing the diameter
thus reducing the L/D ratio but there is a limit to this due to structural
ond handling reasons.

Experimentol. eveldence has shown tha$ the attenuation is inversely
proportionsl to the shock tube Reynolds number,(&Dj/ph). For a

glven shock tube using elr as the test gas the Reynolds number can

21
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only be adjusted through the kinematic viscosity or more precisely

by sdjusting the initial pressure, Py+ From the attenuation siend-
point, it is desirable to have p; as large as possible. However, if
cold drivers are used, which seems desirable from a study of Flgure 1k,
a low initial pressure will be required to produce the diaphragm
pressure ratio to give the same shock strength. These requirements
are at cross purposes and, as usual, a suitable compromise must be
found in order to reduce the attenuation effects.

METHODS OF GENERATING HYPERSONIC FLOW

6.1 EXPANSION NOZZLES

It has been shown in the previous section that, although the
proper temperature may be achieved in a stra.igh"b shock tube, the
meximm Mach number is too low for hyi:ersonic similation. In.oxrder
to evercome this @ifficulty the hypersonic shock tunnel was developed.
By plricing aad expansionmzzle at the downstream end of the conventional
shock tube the flow behind the shock can be expended to a-higher Mach
nwnbers3h-37) Therefore, by & proper choice of shock strength and gxpan-
sion ratio it is possible to simulate both temperature and Mach number.
Figure 15 presents the ghock tube area ratio required over a range of
test section Mach numbers.

The simplest type of inste.}.lation is a single stage expansion
nozzle placed at the exit of the driven section of the tube, the
finad. Mach nudber being determined by the area ratio. This system
is known as the nonreflected method. In Ref. (35) a set of méhogany

liners were instelled in t(})le shock tube with the nozzle located at the

22
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existing test scetion. Uslng this simple scheme a study was made of
the flow in the nozzle. TFigure 16 illustrates the wave system set up
in a shock tube of this type. As the initial shock wave, &, enters the
nozzle it weakens locally and develops curvature which propagates from
the wall to the centerline of the tube as the shock moves into the
test section. As the shock weakens the velocity of the partiiles
behind decrea 'es, however, the particles originelly set in motion by the
passage of the shock dowm the uniform tube, (A6) accelerate as they pass
through the expansion waves at the mouth of the nozzle and increase
in velocity. Therefore, there is another shock created which separates
the two flow regions 2 and 4, (Fig. 16). Due to the entropy being
different behind each shock there is elso a contact surface formed
which separates the regions 2 and 3, kFig. 16). The wave 82 sttempts
to propagate upstreom but as it is moving against e supersonic flow it
is swept downstream through the nozzle. As Sl moves through the nozzle
it veakens which, in turn, causes S, to become stronger. If 55 grows
sufficiently strong it will not be swept out of the nozzle dut will
remain stonding in the nozzle preventing the tunnel from starting.

Shock tunnels have been built which ﬁse double and triple expa.nsioq

nozzles for the gencration of hypersonic flow. This system ensbles the

test section area to be reduced over that required for the system shown

in Fig. 16, In order to obtain rcasonable testing times at hypersonic
Mach nurbers 1t is necessary to have a fairly long shock tube. However,

with long tubes the boundary loyer built up on the wells may be quite
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thick causing severe attenuation problems. A method of eircumventing
this is to increase the diameter but this in turn mecans increasing the
test section area of the driven section. By introdueing a 1-;wo step
nozzle, which gives iwo stapge expansion and also drains off the boundery
layer created behind the initiel shock weve, the test section area can

be decreased. This type of shock tunnel is illustrated in Fig. 17.
6.2 STARTING PROBLEMS

The flow dura‘i;ion' is the time between the departure of the starte
ing wave system S), Cp, S,, Fig. 16, from the test section and the
arrival of the initial contact surface. In order to make this testing
time as long as possible it 1s necessary to ensure that this wave system
is swept through the test section in as short a time as possi‘bles38) The
governing factor is the strength of 52 vwhich for ideal starting must
be a sound wave., By placing a diz;phragm at the nozzle entrance the
test section can be evacuated to a pressure much below the pressure
in the uniform tube which will in turn strengthen the initiel shock
wave when it enters the nozzle. Therefore the veloclty difference across
Sp will be reduced eand in the 1imit Sy will become a sound wave. If
the initisl pressure in the nozzle 1s decreased still further expansion
wvaves will be formed moving towards the nozzle entrance., However since
expansion waves move at the local speed of sound relative to the flow
there is no goin in reducing the pr ssure ratio across the nozzle
diaphragm below that value required to make Sp a sound wave. Fig, 18
sives the pressure retio required ocross the nozzlz diaphragm to ensure
sevfent starting for o ronpe of test section Mach nwibers. This figure

2l
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indicates that an extremely large pressure ratio is required to obtain
a perfect start for Mach nunbers greater than 10.

Fipgure 19 shows the effect of reducing the pressure ratio across
the nozzle diaphragm thus giving sn imperfect start. In this case the
wave So (Fig. 16) will stend in the nozzle end suggests the possibility
of placing a plenum chanber downstream of the test section. This
chanber will create an expansion wave which will then move upstream,
wegken the shock S, and pull it through the test sectlon. A schematic
drawving of the arrongement is shown in Fig. 20 while Fig. 21 indicates
the pressure ratio required of the plenum chanber for a range of hyper=
sonic Mach numbers in the test section.

A plenum chamber may also be employed when the shock S5 1s not
stending in the test section. In this case the expension waves from
the plenum will further accelerate the starting process and thus ine-
crease the test time. If the pressure in the nozzle and test section
were low enough to ensure a perfect start, addition of a plenum chamber
would not improve starting, however, the addition of a plenum is advan-
tageous in enother way. TFor a perfect start, S; (Fig. 16) pesses through
the test section at a high velocity und a long test section is required
to prevent the reflected wave returning end destroylng the flow before
the arrival of the original contact surface, Cl. By adding a plenun
chamber at the crnd of the test section this reflected shock can be
greatly weekened. Therefore, by using a plenum of large cross-sectional
aresa ond shock length the faclility may be mede more compact and even

reduce the pumping capaclty required.

25
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6.3 THE REFLECTFD MRTHOD

If, instead of the stx:aight exponsion nozzlz, the driven section
is terminated by a repgular convergent-diverpont hyperconic nozzle a
reflected type shock tunnecl resucts. At the hypersonic Mach numbers
3 of interecst the arca ratio is so large and the throat area so small
that the nozzle will act as & sollid plate end the initisal shock wave
k will be completely reflected. This means that the gas following the
shock will be compressed a second time and brought to rest creating
& high pressure, high temperature, steguant reservoir of air to be
expanded through the nozzle, The reflected shock governs the duration
- of steady flow, interacting with the contact surface and returning to
the nozzle. A wave diagram and sketch of this method is shown in Fig.
j 22,

The reflected method has the advantege thet hypersonic flow is
initiated from a reservoir with almost constant supply conditions.
Therefore, the problems of shock attenuation, which would constantly

vary the test conditions, and boundary layer build up behind the

Eia T AP LR s o sy ey

initlal shock wave are not present. TFor the sam; ~l:e‘:cf:‘mierau’r,ure require-
ments the initial shock may be weaker than in the nonreflected case,

or conversely, higher stasnation temperotures are obtained for the seme

shock strength. The testing time for the same Mach nunber 1s also

3
E

sliphbly incroased due to the decrease in reguired initial shock strength.
The starting problems with this type of tunnel are essentially the

comy an bheb of the nonreflected type snd a dlaphragm et the nozzle is
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desirable in order to redues the starting time. In the nonreflected

case the entrance Mach nurber may be as high as 1.89, based on perfect
fluid theory, however, for the reflected type the Mach number will be
wnity at the throat. TFig. 23 presents the pressure ratio required across
the nozzle diaphragm over a range of test section Mach numbers. Comparing
this figure with Fig. 19 it is seen that there is a reduction in the
pressure ratio required for starting in the reflected case,

G.4  THE TAILORED~-INTERFACE MODIFICATION

The test time in the reflected shock {ype of tunnel is limited to
the time interval between the arrival of the initial shock wave at the
nozzle and the return of the secondary wave generated by the shock~
contact surface interaction, A considersble increase in testing time
is possible if the reflected shock can be made to pass through the
contact front without producing any sdditional waves. This type of
tunnel derives its neme from this impedance matching or "tailoring",
«nd two exemples are illustrated in Fig. 2%. If a second convergent-
llvergent nozzle is placed at the initial diaphragm station then the
supersonic portion of the rarefaction wave can be eliminated end the
reflected shock will trave’rse the full length of the driven scction
vefore returning to the downstream nozzle. In this case the driver
scetion must be long enough to ensure that the reflected rarefaction
wave docs not reach the downstream nozzle before the reflected shock
vieve returns. One disadvontege of the method is that the erea ratio

of the nozzle at the initiel diephragm station must be changed for

cech lMach number. [

'3 21
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If the reﬁected shock wave passes through the contact front
without creating eny additional waves the driver and drliven gases
mist be at equal pressure and velocity behind the reflected shock.

As the driver snd the driven gases already are at equal pressure and
velocity shead of the reflected shock wave, the pressure ratio and
velocity difference across the reflected shock are the same for the
two gases. This may be stated mathematically with the aid of Fig. 2k,

1
The conditions for nonreflected waves are as :t‘ollows.( 40)

o T

s -th,q,, th-Ys. q
Oy 0

In the second of these two equations we have a Mach number and
the speed of sound. In this cese the strength of the incident and
transmitted shocks are equal only if expressed in terms of their
pressure ratios. The chenge in velocity across the shock mey be

expressed in the following manner.

au _ [ ]
a ¥(v-1) ([ P %
Corbbining (6:'+:1) and (6:4:2) givef‘

,"f‘
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(6:h:1)

(6:):2)
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This equation must be satisfied vhenever a nhock passes through a contact
surfoce without creating a reflected wave. For equal values of ¥ the
equations then depend solely on the speeds of cound in states (2) and
(3). This would be the case for a Hp/Alr combination. Therefore knowing
the initial pressure p;, the shock wave Mach number and the driver gas
then the required initial pressure and temperature of the driver ges
can be calculated.

Flgures 25 and 26 give the initisl diaphragm pressure ratio and
the initiel driver gas temperature required for telloring over a renge
of test Mach numbers for helium and hydrogen drivers. It is seen from
Fig. 26 that helium at room temperature will tailor at a Mach number
of 7.5, hydrogen at 10.6. In order to use the tailored interface tech-
nique at higher Mach nunbers the driver ges must be heated. Figure 27
gives the variation of flight Mach number with shock Mach number for
these conditions. Another disadvantage of the steady configuration,
indicated by the figures, is the increased pressure and temperature of
the driver gas required for this modification. However the steady
tallored interface method produces test times three times greater than
the unsteady modification and twenty-five times the nonreflected method.
A comparison of testing times is shown in Fig. 28.

6.5 KREAL GAS EFFECTS IN A HYPERSONIC SHOCK TUNNEL

In Section 5 the reol gos effects in the production of strong
shocks were considered. A brief consideration willl be given hexre of the
reel gas effects on the design of a hypersonic shock tuanel, using an

expansion nozzle, TFigure 29 indicates the variation of test section

23
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teh nobere for o xonge of choel Moch mwbers for & real gas, calewlated
tor an equilibriwa lust scctn‘.(n‘x gtatle touperature of 218°K, corresponding
0 the isothermul atmosphere. The curve for the ideal gus case is also
showm for comparison, and is approximatcly © per cent lower than the real
Gas results. The density variation is shown in Fig. 30 and the real pas
values are decreased compared to the ideal gus. Figure 31 presents the
area ratio variation and, as would be expected from the density results,
the real gas arco ratio is considerubly increased. In the reflected type
the temperatures ahead of the nozzle may be high enough for dissociation
to occur. When the gas is expandr? through the nozzle the cooling rate
will be very high ond come of the constituents such as NO may be frozen.
fnother problem sncowuntered using the reflccted method. is the loss of
energy by radiation from the hot gas behind the reflected shock, which
becomes more importont as testing times are Increased. These increased
test times are possible using the teilored interfece modification and

80 the radiation losses will have to be considered in a shock ttmneEL

of this type.

5.6 REYNOLDS NUMBER AND STAGUATION TEMPER:MPURE SIMULATION

In order to do lmmr::;nic testing it 1s desirable to similate free
flight conditions as closcly as possible. Thils meons similating Moch
number, ~tegmation temperature ond feymolds mwbers In the straight
shozk tube it ic rossible Lo simdebe the Lenmmerature and Reynolds nunber

but the Foah mor Is limibad to 2 value o three as shown in Flg. 13.

Pooouee gl comedon onysles oy e doumsorornm (ad of thie driven section,

30
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encbles the flow to expand to 2 high Mach number but in doing so moy
limit the other two conditions. The correct Reynolds number and stagnation
temperature are controlled by the initial condition before the test gas
enters the nozzle and thereby the strcngth of the initial shock wave.
Figures 32 and 33 show the Reynolds number variation with test Mach
nunber for 'u,perfect gas,( ¥ =1.4) and a test section static temperature
of 518.4°R for a renge of pressures behind the initial shock wave. Due

to the decrease of density caused by the real gas effects (Fig. 30) the
actual Reynolds number will be lower than those shown., For a given

static pressure in the driven section, higher Reynolds numbers are
renlized with the nonreflected technique.' Even though the Reynolds
nurbers shown here are lover than those pdssible in region (2) of a
streight shock tube this may not be important as the Reynolds number

of a body traveling at a hypersonic Mach number (= 20), at high altitude
(200,000 ft.), is relatively low (2 X 106/1’1-,.). Therefore the ettaine-
rent of a high Reynolds number will not be difficult for this class of

rroblens.,

CONCLUDING BEMARKS

This report has attemptéd to outline ‘the basic theory of the shock
tube and describe most -of the modifications to the basie +tube that have
heon devised for hypersonle testing. Detolled caleulatlon and theory

have been omittecd but these may be found in the meay references cited.,
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APPENDIX A

i NOTATION

e e T

ot

Figure 1 serves to define the flow regions in the basic shock

tube. The notation Air/Air, He/Atir end Ha/Air denotes a gas com-
binvtion across the diaphragm, the left-hand symbol representing
the gas in the driver section, the right-hand symbol the gas in the

driven section.

g et s S AR UL Laa v e X

i a Velocity of sound
A Area
ALy Dimensionless speed of sound ratio (i.e. Ayl = & /a))
Cij Dimensionless rarefaction wave speed
'-‘ : ; D Dismeter
; / Eij Dimensionless energy ratio (C,T)y/ (CVT);}
E | | g Equiv.alence factor (Eq. 4:3:2)
L Length
Mg Shock Wave Mach number based on speed of sound of gas
4 into which it travels
; M Mach nunber .
E . P Pressure
Po Overall pressure ratio (see Section 4.2)
; P,_:j Dimensionless pressure ratio (1.e. Po/Py)
Pl g;:z;uzzbin(gzgt?nufg , Fig. It for double diaphragm
Py Pressure in region (4) for single diaphragm shock tube
8 (Sect. 4.2)
t Time
T Temmeretbure
{ 2
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Ty 3 Dimensionless temperature rotio (4.e. '1‘2/1‘1)

Thd Temperature in region (4), Fig. I for double diaphragm
shock twbe (Scet. k.2)

T, Tenperature in region (h), for single diaphragm shock

8 tube (Sect, L.2)

u Particle velocity

Uy 4 Dimensionless particle velocity (1.e. Up/eq)
Position along the shock tube measured from the diaphragm

¥ Ratio of specific heats (C,/Cy )

=4 X +!
¥

8 -1
2y

G Dimensionless density ratio (i.e. Po/ Py)

p74 Kinematic viscosity

e Density

T Contact surface moving to the right

‘f%- Backwnrd facing rarefaction wave (particl:es enter from left)

s Forward facing shock wave (particles enter from right)

Quantities not included here are defined in the text or on the

Tigures in which they appear.
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Figure 2 - Variation of Shock Pressure Ratio, Pal with Diephragm Pressure Ratio,
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Figure 18 - Pressure ratio across diaphragn vs. flight Mach number
for perfect starting (no reflection) (Ref. 38)
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Figure 19 - Pressure ratio across diaphragm vs. strength of reflected
shock (7 = 1.4, no reflection) (Ref. 38)
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Figure 21 - Ratio of pressure in low pressure section to plenum

pressure vs. flight Mach number for ideal gas (7 = 1.4,
i no reflection) (Ref. 38)
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Figure 22 - Wave diagram for the reflected method. (Ref. 37)
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Figure 24 - Wave diagrams cf shock tube modifications for increased
testing time. (Ref. 12)
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numbers. (steady configuration).(Ref. 39)
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Figure 28a - Testing time for four modifications. (Ref. 37)
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TABLE - 2
MAXIMOM SHOCK MACH NUMBERS FOR MILTIPLE DIAPHRAGM SHOCK TUBES(Ref. 9)

§ Driver - Driven My/by
Gas Combinations 1 1.0 | 2.25 c0
, No/N, 6,18 ° 6.34 6.47 6.76 )

; Xo/A 7.48 769 | 7.84 | 8,20
Ty = 1 He/ty - 10.9 1m.3 | 16 | 125
f He/A 12.8 13.3 13.7 1.7
Bp/N, 22,6 | =23.2 23.6 2h,7
Hp/A 27.5 28.3 28.8 30.1
He/Np 8 | w5 | 159 | a7a
By =2 He/A 18.0 18.8 19.3 " | 20.8
HQ/A 3809 (110.0 m.? l"‘2.6

TABLE 3 ’

KIVINJM VALUES OF SHOCK MACH HUIBER, Mg FOR Pjy =+ 00 (Ref. 10) !
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